Abstract. In this communication sheet metal forming problems are analyzed with the Finite Element Method and a fullyintegrated solid-shell element, based on the Enhanced Assumed Strain (EAS) method. Among the solid-shell element's distinguish features, it should be mentioned the solely use of the EAS approach in dealing with either transverse and volumetric-based locking pathologies, thus avoiding the inclusion of other mixed methods into the formulation. The adopted methodology is then able to successfully deal with small thickness shell problems within the incompressible range, aspects commonly appearing in sheet metal forming modeling with solid elements.
INTRODUCTION
The term solid-shell elements refers to a new class of finite elements, that can be seen as typical shell elements, but just accounting for translational (additive) degreesof-freedom per node and, additionally, keeping the threedimensional structure of conventional solid elements. In this sense, they can congregate the advantages of both shell (membrane) and solid elements, within a straightforward formulation.
Contrary to usual shell elements, and as said before, solid-shell elements do not introduce rotational degrees of freedom into their formulation. Although the treatment of non-additive variables -as the case of finite rotations -is well documented in the literature, questions about computational efficiency or simplicity can arise. Furthermore, conventional shell elements still rely, in majority, on plane-stress constitutive assumptions, which leads to a theoretical paradox in forming processes such as bulging or hydroforming, where out-of-plane normal stresses are dominant. Still due to this lack of a stress component along the thickness direction, conventional shell elements cannot automatically deal with thickness values updates along the deformation path and, most importantly, cannot automatically account for double-sided contact situations, as coming, for instance, with the presence of blank-holder parts in the forming process.
Three-dimensional elements can theoretically deal with these mentioned pitfalls. Nevertheless, they suffer from strong ill-conditioning and transverse shear locking in thin shell applications, commonly appearing in sheet metal forming. For isochoric constitutive models, enforcing incompressible or nearly-incompressible behaviors, solid elements can be affected by volumetric locking pathologies also. Transverse shear and volumetric locking can then rapidly deteriorate the response of a given displacement-based, fully integrated, solid element formulation. Displacement-based shell elements, it is worth remembering, are also affected by transverse shear locking, which is particularly damaging in loworder elements.
Based on these aspects, a recent developed fullyintegrated solid-shell element, suitable for conventional shell applications and entirely based on the Enhanced Assumed Strain methodology, is tested in sheet metal forming applications. Contact constraints, with friction, are taken into account with the inclusion of the here summarized formulation into the finite element commercial code Abaqus. The obtained results are shown to be in accordance with simulation values coming from other works in the literature and, most importantly, with experimental data.
KINEMATICS OF THE SOLID-SHELL ELEMENT
The main characteristics of solid-shell elements, compared to their shell element counterparts, is the existence of a pair of material points at the top and bottom surfaces of the shell. The kinematics of a given point, within the whole element, is replaced by the equivalent kinematics of this pair of points. Generally, the material point to be analyzed is supposed to rely on the mid-surface (reference surface) of the element. The relative distance vector between the top and bottom points define a director vector, with a magnitude not necessarily equal to the physical thickness, neither its direction being normal (in the most general situation) to the reference surface. Analogous to the Mindlin hypothesis, a straight transverse fiber (along the director vector) before deformation is supposed to remain straight after deformation. Therefore, there is no constrainment for a given fiber to remain normal to the mid-surface, along the deformation path [1] .
Considering an eight-node solid-shell element, it is possible to define a position vector for a point within the element by its projection onto the upper and lower surfaces in the form
Subscripts (t) and (b) denote the projections of the variable onto the top and bottom surface, respectively. The point is uniquely defined, inside the element, by its position in the isoparametric natural frame
which is the projection, into an undeformed representative element, of the non-orthogonal curvilinear frame. Equation (1) also points to the configuration definition of each point, with the left-side superscripts (n) and (n + 1) referring to the "converged" and "current" states, respectively, along a stepwise load path. In practical terms, and in the following for the sake of simplicity, these superscripts might be seen as representing the "undeformed" and "deformed" configurations. Also in the following, a "global" referential set (e 1 , e 2 , e 3 ) is supposed to remain unaltered with deformation, and thus n e 1 ≡ n+1 e 1 , n e 2 ≡ n+1 e 2 and n e 3 ≡ n+1 e 3 . The formulation can be alternatively represented by a rearrangement of Equation (1) in the form
which, on turn, is equivalent to a conventional shell kinematic representation, including the position vector of the projection of upper and lower nodes along the reference surface ( n x m ), the director vector n v 3 and also the thickness field a ξ 1 , ξ 2 , uniquely defined for any point ξ 1 , ξ 2 on the convective surface.
It is important to note that the second part of Equation (3) implicitly defines a preferred thickness orientation for the finite element. This condition restricts the element application to shell structural problems, although the number of nodes, as well as the degrees-of-freedom, are still those coming from a three-dimensional approach, being the reason for the solid-shell designation.
Directly from Equation (3), the displacement field can be calculated as
Convective base vectors in the initial (converged) (n) and deformed (current) (n + 1) configurations can be obtained by means of the partial derivatives
for indices (l = 1, 2, 3). The position vector for configurations (n) and (n + 1) can be used in the definition of the relative deformation gradient as (n + 1)
for the convective covariant and contravariant vectors (g k ) and g k , at (n) and (n + 1) configurations. From the relative deformation gradient tensor it is possible to calculate the relative rotation tensor n+1 n R , with the polar decomposition theorem
The importance of the tensor n+1 n R is related to the update of the anisotropic local axes in a given finite element. An orthogonal local frame is assumed coincident with the anisotropic directions in the beginning of the deformation process (rolling direction, transverse direction and normal direction). During deformation, the stretch component of deformation in Equation (7) is assumed to be relatively small between successive increments. This is consistent with an incremental algorithmic procedure for sheet forming of metal materials, where large deformation (displacements and rotations), rather than large strains, are dominant. In consequence, it is possible to describe the evolution of the anisotropic axes, during deformation, by the relation
where n+1 r 1 , n+1 r 2 , n+1 r 3 and n r 1 , n r 2 , n r 3 represent the anisotropic axes on configurations (n + 1) and (n), for a given Gauss point of the element. Anisotropic axes are updated for each iteration between (n + 1) and (n), with the cumulative values of the relative deformation gradient since the last converged configuration. This task is straightforward compared to what happens with shell elements, once no rotational degrees-of-freedom are involved in the formulation, characterizing an updated Lagrangian procedure. More details, from the numerical implementation standpoint, can be found in the work of [2] . Having defined the position and incremental displacement vectors, as well as the relative deformation gradient and rotation tensors, it is possible to state the conventional, displacement-based, Green-Lagrange strain tensor in convective coordinates as
where ( j, l = 1, 2, 3).
Displacement-based solid-shell elements with eight nodes and full integration (2 × 2 × 2 Gauss points) are prone to develop the so-called locking behavior. Two locking modes are predominant in sheet metal forming applications: (i) the transverse shear and (ii) the volumetric locking phenomena. Transverse shear locking is related to the inability of a given formulation to properly reproduce zero transverse strain energy modes in bending-dominated shell structures, for vanishing thickness values. This over-stiffness causes the deterioration of results of formulations entirely based on the displacement field. Volumetric locking, on turn, arises in displacement-based formulations when incompressible or nearly-incompressible situations are present. The formulation, by itself, does not properly reproduce the volumetric constancy along a given deformation path. Volumetric locking also appears in the modelling of computational plasticity models based on isochoric hypothesis.
In the present work, the conventional displacementbased strain field is enriched in order to overcome the transverse shear and volumetric locking effects. The present formulation follows previous works on plane strain, shell and solid-shell elements technology, and details can be found in a wide set of papers of the authors [3, 4, 5, 6, 7, 8, 9] .
The key idea is to construct an enhanced strain field, by adding to the displacement-based Green-Lagrange strain field in Equation (9) an extra strain field in the form
where (M u (ξ )) represents the conventional displacement-based differential matrix, relating the strain field with the element degrees-of-freedom vector. The resultant enhanced strain field is supposed to keep the basic structure of its original, displacement-based counterpart, although avoiding the locking onset by the presence of the enhancing strain field.
In Equation (10), vector (d k ) encompasses all the degrees-of-freedom associated with node (k) within an element. On the other side, (M γ (ξ )) gives rise to the enhancing differential matrix, to be "added" to the displacement-based one. This procedure follows the theoretical procedure firstly introduced for linear analysis in [10] , and further extended to nonlinear problems in references [11, 12] .
The field of internal variables (γ) is defined element by element and, by essence, does not have a physical meaning. The only requirement of the enhancing strain field is, by definition, not to introduce additional energy into the system. The internal variables represent, thus, an incompatible field across elements. For the present case, the enhancing strain-displacement matrix (M γ (ξ )) is composed by terms accounting for the volumetric locking (vl) and transverse shear locking (tsl) in an uncoupled way, as
The key aspect of the formulation is the particular form of each strain-displacement matrix on Equation (11) . For the volumetric locking, direct strain components are enhanced by the matrix
while for the transverse shear strain locking treatment, the enhanced matrix is chosen to be as
In Equations (12) and (13) enhancing shape functions N 2 γ and N 3 γ are introduced in dealing with transverse shear and volumetric locking, respectively.
For the volumetric locking, N 3 γ was originally defined in [6] , for linear applications, and after that adopted on [8] for nonlinear geometric and material problems. It points to a three-dimensional bubble function, with the form
Benefiting from previous works on shell elements [5, 7, 9] , the the two-dimensional bubble function
was also introduced, in dealing with transverse shear locking in thin shells. Both enhancing functions involves 6 internal (element-wise) variables, encompassing a total of 12 enhancing variables per elements. This number of variables is low when compared to other solid-shell proposals in the literature, being an effective choice on solving demanding benchmark problems commonly tackle by shell elements. Further insight into the nonlinear implementation aspects can be gathered from reference [2] .
ANISOTROPIC CONSTITUTIVE MODEL
The phenomenological yield criterion for anisotropic materials Yld'91 [13] was implemented in the present work, due to its applicability to three-dimensional stress states. For the sake of completeness, the general guidelines of the criterion will be described in the following. Experimentally, the criterion relies on the uniaxial yield stress values (σ 0 , σ 45 , σ 90 ) coming from tensile tests at (0, 45, 90) degrees from the rolling direction, respectively, as well as the (σ b ) stress value for the yield stress during a (biaxial) bulge test. The criterion thus needs a relatively low number of experimental parameters, when compared to other proposals in the literature accounting for 3D constitutive models [14, 15] . A detailed review of this and other phenomenological anisotropic models can be found in [16] .
From the mathematical standpoint, the Yld'91 anisotropic yield criterion can be represented by a potential, involving the strain-driven yield stress under uniaxial tension (σ y ), in the form
m y (16) 
with
The triad (x, y, z) in Equation (17) corresponds to the orthotropic axes. Equation (17) implicitly refers to isotropic hardening effects. Nevertheless, in case kinematic hardening mechanisms must be taken into account, the (σ ) stress field can simply be replaced by the relative stress measure (σ − α), for the back-stress stress tensor (α) [17, 18] .
The transformation matrix -Equation (18) -is function of the anisotropic constants (C i ) (i = 1, · · · , 6), while the yield criterion in equation (16) involves the (m) exponent. For the special case of the anisotropic coefficients being equal to 1.0, the criterion turns out to be an isotropic one, with (s) being equivalent to the deviatoric stress components. The (m) value, on the other hand, can be related to the vertices shape of the yield surface, as represented in the biaxial space. A higher (m) value leads to a decrease in the curvature of the rounded vertices of the yield surface. For unit (C i ) values, along with a (m) value of 2.0 (or 4.0), the von Mises isotropic yield criterion is retained.
NUMERICAL EXAMPLE
The present Enhanced Assumed Strain solid-shell formulation was implemented into Abaqus commercial code (user-defined elements) in order to benefit from its contact nonlinearities capabilities [19] . In the following, two integration points along thickness direction were considered for each solid-shell element, which is a low number of points when compared to what is commonly used in the literature for sheet metal forming simulations.
Forming of an S-Rail industrial component
The present benchmark was proposed within the scope of the NUMISHEET'96 International Conference [20] , as the test B2, thereafter being known simply as the S-Rail problem. It consists in the forming, by deep-drawing, of an initial plane metal blank into a final component with a S-shaped three-dimensional geometry.
From the whole problem set posed at the Conference, only the forming of the aluminum alloy (Al 6111-T4) sheet will be simulated in this work. From the two blankholding force levels proposed, the value of 10 KN was the one chosen. This combination of material and blankholding force leads to interesting characteristics of the deformed final part, as will be seen in the following.
Geometry definitions for the blank, die, punch and blank-holder are provided in reference [20] . All the tools are considered rigid in the simulation. The initial thickness of the blank is a = 0.92 mm, and the elastic material constants are the Young modulus E = 69 GPa and the Poisson coefficient ν = 0.3. Following indications on the reference, the value for the friction coefficient to be used in the simulation is equal to µ = 0.1.
About the constitutive law data for this specific problem, the simulation was carried out following the experimental information given by Stephen J. Makosey and K. Chung, from simulation group SB2.21 (see page 670 on reference [20] ), who provided a comprehensive set of parameters for the full characterization of the hardening law.
In this sense, the yield behavior is assumed to be independent of the rate of deformation, with a hardening law for the effective stress level following a Voce's function in the form
The set of constants, as defined through experiments, are equal to A = 368, B = 207 and C = 9.74, along with an isotropic constitutive hardening law. The adopted mesh, in the present case, consists of 6000 solid-shell elements, with a total of 21160 nodes. Schematic views of the tools and the adopted mesh are presented in Figures 1 and 2 , respectively. The obtained results are compared to simulations from other finite element (implicit) codes, as reported on the NUMISHEET'96 proceedings [20, p. 742] . The resulting graph can be seen in Figure 3 , where it is represented the evolution of the punch height with the punch force, along the deformation process. In the picture, for the sake of completeness, all the 6 curves presented in the conference proceedings are reproduced. Although all results have distinct patterns, it is valid to say that the curve obtained with the present solid-shell and nonlinear formulations follows the evolution trend of the majority of authors. Comparison between the present formulation and (implicit) simulation results Nevertheless, and for clarity purposes, Figure 4 shows the average results, both for simulation and experimental analysis, as published in the [20] . In this sense, it is possible to directly evaluate the quality of the present formulation when compared to data from explicit and implicit codes, and also from experimental testing. As can be clearly seen in Figure 4 , the results obtained within the present methodology have an extremely good correspondence with experimental results, which is not the case for the average solutions coming from other numerical simulations. This predictability level is particular important considering the reduced number of integration points along thickness direction adopted in the present simulation (just 2), in opposition to the spread use of higher integration points (commonly 5 -see, for instance, [21] ) in the literature. Comparison between the present formulation and averaged results from simulation and experiments Finally, Figure 5 provides detailed (top and bottom) views of the final formed part, as obtained with the present simulation. For the specific material and blankholder force set adopted, wrinkle zones are visible at the end of the forming process. Furthermore, its presence in the real formed part was indeed verified by experimental procedures. 
CONCLUSIONS
This work focus on recent developments in the field of solid-shell elements' technology for sheet metal forming applications. The Enhanced Assumed Strain method is effectively used in order to reduce the transverse shear and volumetric locking in tridimensional, 8-node, fully-integrated, displacement-based elements. The element is cast into an implicit algorithmic procedure, being tested in an industrial benchmark problem, usually tackled by membrane and shell finite elements. Nonquadratic anisotropic constitutive models were included in the developed finite element code, in order to properly reproduce some particular phenomenological behaviors of aluminum alloys. The presented results for the well-known S-Rail Benchmark forming are in quite good agreement with experimental data, and proved to be superior than those obtained by other numerical simulations (either implicit or explicit) previously published in the literature.
